N eurological outcomes, such as preservation of neurological function 16 and prevention of neurological death, are regarded as the ideal end points for evaluating treatment results for patients with brain metastases. However, previous reports on grading systems for brain metastasis patients, such as recursive partitioning analysis (Gaspar et al. Object. The Basic Score for Brain Metastases (BSBM) proposed by Lorenzoni and colleagues is one of the best grading systems for predicting survival periods after stereotactic radiosurgery (SRS) for brain metastases. However, it includes no brain factors and cannot predict neurological outcomes, such as preservation of neurological function and prevention of neurological death. Herein, the authors propose a modified BSBM, adding 4 brain factors to the original BSBM, enabling prediction of neurological outcomes, as well as of overall survival, in patients undergoing SRS.
Abbreviations used in this paper: ADL = activity of daily living; BSBM = Basic Score for Brain Metastases; GKS = Gamma Knife surgery; GPA = graded prognostic assessment; KPS = Karnofsky performance status; MD = meningeal dissemination; NPS = neurological prognostic score; RPA = recursive partitioning analysis; SIR = score index for stereotactic radiosurgery; SRS = stereotactic radiosurgery; WBRT = whole-brain radiation therapy. stereotactic radiosurgery (SIR; Weltman et al., 18 2000), Basic Score for Brain Metastases (BSBM; Lorenzoni et al., 8 2004) , graded prognostic assessment (GPA; Sperduto et al., 17 2008), and modified RPA (Yamamoto et al., 21 2013) are based only on overall survival. Among these grading systems, the BSBM is one of the best for predicting life expectancy by using the 3 systemic prognostic factors: Karnofsky Performance Scale (KPS) score, 7 control of primary tumor, and presence of extracranial metastases. However, the BSBM includes no brain factors and cannot predict neurological outcomes. Herein, we propose a modified BSBM, adding 4 brain factors to the original BSBM, enabling prediction of neurological outcomes (both preservation of neurological function and prevention of neurological death), independently of life expectancy, in patients undergoing Gamma Knife surgery (GKS).
Methods
In total, 2838 patients were included in the analysis. The database consisted of 2 patient cohorts studied retrospectively after institutional review board approval: the Chiba series (1716 consecutive patients, January 1998 through March 2008, Chiba Cardiovascular Center) and the Tokyo series (1122 patients, April 2008 through December 2013, Tsukiji Neurological Clinic). All aspects of patient selection, dose planning, dose selection, performing GKS, and collecting follow-up data were undertaken by the first author (T.S.).
During the 16-year study period, all patients were treated according to the same indications and protocol. Our major indication criteria were the following: 1) tumor number up to 25, 2) no MRI findings of nonlocalized meningeal dissemination (MD), 3) maximum tumor diameter less than 40 mm, 4) total tumor volume less than 25 cm 3 , and 5) KPS score greater than 70%. However, we applied these indications with flexibility, especially for patients with special circumstances, such as contraindications for whole-brain radiation therapy (WBRT) and craniotomy or expectation of a good response to smallmolecule targeting agents. Patients with KPS scores less than 70% due to focal neurological signs and symptoms and whose performance status was expected to improve after GKS were included.
Our GKS treatment protocol was reported previously. 10, [12] [13] [14] In brief, all lesions were irradiated with GKS without upfront WBRT at initial treatment. In 293 patients (10.3%) with tumor volumes exceeding 10 cm 3 , staged SRS using the Gamma Knife 5,22 was chosen, and in 89 (3.1%) with a total tumor volume exceeding 15 cm 3 , tumor numbers greater than 25, or both, the radiosurgical procedures were divided into 2 or 3 sessions, to keep total skull absorption energy below 10 J, thereby preventing acute brain swelling. 13 New distant lesions, detected by gadoliniumenhanced MRI performed every 2-3 months, were treated mainly with GKS (1236 patients, 43.6%), but sometimes with WBRT (140, 5.0%) if cerebral and/or nonlocalized MD was detected. The treatment strategy was explained in detail to each patient and written informed consent was obtained from all patients before GKS.
A stereotactic coordinate frame (Leksell G frame; Elekta AB) was applied to patients under local anesthesia supplemented with adequate sedation. For target coordinate determination and dose planning, stereotactic gadolinium-enhanced, T1-weighted axial MRI, with a slice thickness of 2 mm and multiple slices covering the entire brain, was used. For dose planning, the Leksell GammaPlan (Elekta) was used. Before October 2003, GKS was performed using a Leksell GK model B (659 patients, January 1988-September 2003; Elekta). From October 2003 to November 2011, we used a Leksell GK model C (1767 patients; Elekta) and from December 2011 to December 2013, we used a Perfexion Gamma Knife (412 patients; Elekta). The standard prescribed dose at the tumor periphery of 20 Gy was changed by ± 2 Gy depending on tumor pathology, physical status, tumor location, tumor volume, extracranial disease status, and so on.
All data were analyzed according to the intentionto-treat principle. For all patients, the causes of impaired activities of daily living (ADLs) and deaths were classified into systemic or neurological by referring physicians. If the referring physician could not make this assessment, the causes were regarded as neurological. The intervals from the date of GKS until the dates of death (overall survival), systemic death (systemic death-free survival), loss of ADLs independence due to neurological causes (qualitative survival), and neurological death (neurological survival) were estimated with Kaplan-Meier curves. 6 Loss of ADLs independence was defined as a KPS score of < 70%. 1, 9, 11, 15, 20 The differences between 2 adjacent classes were compared using the Wilcoxon test. Prognostic values of the following 15 dichotomized covariates for qualitative and neurological survivals were obtained with the Cox proportional hazards model: 2 age (< 65 years vs ≥ 65 years), sex (male vs female), KPS score (< 80% vs ≥ 80%), control of primary tumor (yes vs no), extracranial metastases (yes vs no), organ site of primary cancer (lung/breast vs nonlung/breast), number of brain tumors (≤ 10 vs > 10), total tumor volume (≤ 15 cm 3 vs > 15 cm 3 ), MRI findings of MD (yes vs no), craniotomy (yes vs no), chemotherapy (yes vs no), diagnostic lag (synchronous vs metachronous), prior WBRT (yes vs no), maximum tumor diameter (≥ 25 mm vs < 25 mm), and neurological symptoms (yes vs no). A p value < 0.05 was considered statistically significant. All statistical analyses were performed using the JMP software program, version 9.0.3 (SAS Institute Inc.).
Results
At the end of April 2014, 369 (13.0%) patients were still alive and the remaining 2469 (87.0%) were confirmed to have died. Table 1 summarizes the characteristics of the patients in this study. The median times were 7.8 months for overall survival and 9.0 months for systemic death-free survival. Figure 1 shows overall survival curves according to the original BSBM. Median overall survival times were 2.6 months in BSBM 0 (382 patients), 5.7 in BSBM 1 (1143), 11.4 in BSBM 2 (1011), and 21.7 in BSBM 3 (302). There were significant differences between all pairs of adjacent groups (all p < 0.0001). Figure 2 shows systemic death-free survival curves according to the original BSBM. Median systemic death-free survival times were 2.9 months in BSBM 0, 6.0 in BSBM 1, 13.2 in BSBM 2, and 31.6 in BSBM 3. The differences between all pairs of adjacent groups were statistically significant (all p < 0.0001).
In univariate analysis, significant prognostic factors for poor qualitative survival were a KPS score < 80%, active primary tumor, active extracranial metastases, nonlung/breast cancer, prior craniotomy, no chemotherapy, prior WBRT, maximum tumor diameter ≥ 25 mm, > 10 brain tumors, total tumor volume > 15 cm 3 , MRI findings of MD, and the presence of neurological symptoms (Table  2 ). Significant prognostic factors for poor neurological survival were the same as those for qualitative survival ( Table  3) . In multivariate analysis, > 10 brain tumors, > 15 cm 3 total tumor volume, MRI findings of localized MD, and the presence of neurological symptoms were verified to be the most statistically significant combination of factors for both qualitative and neurological survivals (Table 4) .
To obtain NPSs, we scored the following 4 significant brain factors as 0 or 1: number of brain tumors (> 10 = 0 or 10 or less = 1), total tumor volume (> 15 cm 3 = 0 or ≤ 15 cm 3 = 1), MRI findings of MD (yes = 0 or no = 1), and neurological symptoms (yes = 0 or no = 1). According to the NPS sum, we classified patients into 2 subgroups: Subgroup A with an NPS of 3 or 4 and Subgroup B with an NPS of 0, 1, or 2; 2089 patients (73.6%) were in Subgroup A and 749 (26.4%) in Subgroup B. Figure 3 shows qualitative and neurological survival curves comparing the NPS Subgroups A and B. Qualitative survival rates at 1 year were 85.5% in Subgroup A and 65.6% in Subgroup B, and neurological survival rates at 1 year were 91.3% in Subgroup A and 76.8% in Subgroup B. We noted significant differences between Subgroups A and B in both qualitative and neurological survivals (both p < 0.0001). We defined the modified BSBM according to NPS subgroup classifications applied to each original BSBM group, consisting of 0A (204 patients), 0B (178), 1A (825), 1B (318), 2A (792), 2B (219), 3A (268), and 3B (34), where A and B refer to the respective subgroup (Table 5) .
Qualitative survival curves were used to compare the NPS subgroups (Fig. 4) , and the neurological survival curves are shown for each BSBM group in Fig. 5 . One-year qualitative survival rates were 64.6% (modified BSBM 0A), 45.0% (0B), 82.5% (1A), 63.3% (1B), 86.4% (2A), 73.7% (2B), 91.4% (3A), and 73.5% (3B). There were significant differences in qualitative survival among all BSBM groups (modified BSBM 0A vs 0B, p = 0.0006; modified BSBM 1A vs 1B, p < 0.0001; modified BSBM 2A vs 2B, p < 0.0001; and modified BSBM 3A vs 3B, p = 0.006). One-year neurological survival rates were 82.6% (modified BSBM 0A), 52.4% (0B), 90.5% (1A), 78.1% (1B), 91.1% (2A), 83.2% (2B), 93.9% (3A), and 76.3% (3B). Statistically significant differences in neurological survival were also detected between the Subgroups A and B for BSBM 0 (p = 0.0001), BSBM 1 (p < 0.0001), BSBM 2 (p = 0.0002), and BSBM 3 (p = 0.0052).
Discussion
Five major indices, RPA, 3 SIR, 18 BSBM, 8 GPA, 17 and modified RPA, 21 have been proposed in radiotherapy for brain metastases. Serizawa et al. 9 reported on validity testing of these 5 indices in terms of overall and qualitative survivals in 2500 patients treated with GKS. All   Fig. 2 . Systemic death-free survival curves according to the original BSBM system. Median systemic death-free survival times were 2.9 months in BSBM 0 (382 patients), 6.0 in BSBM 1 (1143), 13.2 in BSBM 2 (1011), and 31.6 in BSBM 3 (302). The differences between all pairs of adjacent groups were significant (all p < 0.0001). 5 grading systems were excellent for predicting life expectancy. The only grading system enabling prediction of both overall and qualitative survivals was the SIR, even though it is relatively complex with 5 items having 3 scores, and there were large discrepancies in patient numbers among groups. In the present study, the patients numbers in SIR 0-3 and 8-10 were 425 (15.0%) and 241 (8.5%), respectively, whereas that of SIR 4-7 was 2172 (76.5%). Furthermore, SIR has the disadvantage that patient groups with poor overall survival (SIR 0-3) also had poor qualitative survival and vice versa. Thus, we have endeavored to establish a new grading system, the modified BSBM, which can predict neurological outcomes as well as life expectancy independently of each other. The BSBM would appear to be one of the best indices, resulting in more even proportions of patient numbers with the highest level of statistical significance for differences in median overall survival, as well as for systemic death-free survival (p < 0.0001 for all pairs of adjacent classes). However, the BSBM considers only systemic and not neurological factors. Thus, it cannot predict neurological outcomes, such as preservation of neurological function and prevention of neurological death, which are regarded as the ideal end points in evaluating results of treatments of brain metastases. We therefore modified the original BSBM, adding 4 neurological prognostic factors, enabling us to predict neurological outcomes. The modified BSBM has 2 components. One is from the original BSBM evaluating 3 systemic factors: KPS score, primary tumor control, and extracranial metastases for predicting overall survival and systemic death-free survivals. The other involves 4 neurological factors: number of brain tumors, total tumor volume, MRI findings of MD, and neurological symptoms, which have all been verified as the most significant prognostic factors impacting both qualitative and neurological survivals in multivariate analyses and reflecting neurological outcomes. Therefore, this modified BSBM allows us to predict qualitative and neurological survivals, as well as overall and systemic death-free survivals, independently of other outcomes. We selected 4 significant brain-related prognostic factors, including tumor number, total tumor volume, MRI findings of MD, and neurological symptoms on the basis of the results of multivariate analyses of qualitative and neurological survivals, and we scored these parameters as 0 or 1 to serve as NPSs. According to the sum of these NPSs, we divided patients into 2 subgroups: Subgroup A (containing patients with better neurological outcomes) with a score of 3 or 4, and Subgroup B (those with poorer outcomes) with a score of 0, 1, or 2 for each of the original BSBM groups. The best neurological outcomes were observed in patients whose NPS totaled 4, whereas the worst were in those with a total NPS of 0, as in the original BSBM (BSBM 0 has the shortest overall or systemic death-free survivals and BSBM 3 the longest). Choosing 4 brain factors seems to be relatively complex, but this selection made the NPS system extremely robust. For example, we can also apply the NPS system to the original GPA, 16 demonstrating significant qualitative survival differences in each GPA class, as shown in Table 6 .
We set the cutoff value at 10 for brain tumor number and at 15 cm 3 for total tumor volume, corresponding to the JLGK0901 study inclusion criteria.
21
Our results suggest that the patients in NPS Subgroup A would be good candidates for GKS alone, whereas those in NPS Subgroup B would be unlikely to benefit from GKS alone. However, patients in Subgroup B do not necessarily have contraindications for treatment with GKS alone if survival is anticipated to be very short. For example, in BSBM 0B or 1B patients, even in those with > 10 brain metastases and exhibiting neurological symptoms, GKS-alone treatment is an option because their life expectancy is too short for WBRT.
The qualitative and neurological survival rates at the median systemic death-free survival time are shown in Table 7 . These results show satisfactory neurological outcomes in all groups except modified BSBM 3B. Patients in the modified BSBM 3B group have a longer life expectancy, but poorer neurological outcomes. For modified BSBM 3B patients with good KPS scores and controlled extracranial diseases status, more aggressive radiation treatment should be considered. For such patients with > 10 brain tumors and/or positive MRI findings of MD, combining WBRT with GKS is recommended. On the other hand, for those with neurological symptoms and/or total tumor volume > 15 cm 3 , staged GKS treatment with a 2-to 4-week interval or SRS is recommended. Thus, the modified BSBM enables us to decide the best GKS treatment strategy for various brain metastases by comparing neurological and systemic outcomes separately.
In general, the following indications for GKS are widely accepted: 1) up to 3 or 4 brain metastases, 2) tumor size 3 cm or less, 3) no MRI findings of MD, and 4) a KPS score ≥ 70%. Despite our indications being somewhat more aggressive, neurological outcomes were satisfactory. We herein discuss indications for GKS from the viewpoint of NPS. The first parameter considered is tumor number. Recently, Serizawa et al.
14 and Yamamoto et al. 21 conducted a large prospective study (the JLGK0901 study) of 1200 patients. This study demonstrated that in Fig. 5 . Cumulative neurological death-free survival (neurological survival) curves, comparing NPS subgroups within the BSBM group. One-year neurological survival rates were 82.6% (0A), 52.4% (0B), 90.5% (1A), 78.1% (1B), 91.1% (2A), 83.2% (2B), 93.9% (3A), and 76.3% (3B). Statistically significant differences in neurological survival were detected between all BSBM subgroups (0A vs 0B, p = 0.0001; 1A vs 1B, p < 0.0001; 2A vs 2B, p = 0.0002; and 3A vs 3B, p = 0.0052). terms of overall survival, GKS in patients with 5-10 brain metastases is not inferior to GKS in patients with 2-4 metastases, and it provided Level II evidence for GKSalone treatment for 1-10 brain metastases. 21 Although there is no clinical evidence supporting GKS for > 10 brain metastases, large retrospective reviews have revealed this treatment to be safe if the total tumor volume is ≤ 15-25 cm 3 or the total skull absorption energy is ≤ 10-15 J. 10, 11, 14, 15, 19 Considering the NPS, the presence of > 10 brain metastases, even when associated with other poor neurological factors, is not a contraindication for GKS in BSBM 0 and 1 patients. BSBM 2A patients who have only 1 poor NPS such as > 10 brain metastases (total tumor volume ≤ 15 cm 3 , no MRI findings of MD, and no neurological symptoms) appear to be good candidates for GKS-alone treatment.
The second parameter considered is tumor size. Generally, the local control rate decreases as tumor size increases. 10, 13 We have been performing 3-staged GKS with a 2-week interval 5 or 2-staged GKS with a 3-or 4-week interval. 22 Using these techniques, we were able to decrease tumor recurrence and radiation injury. The third parameter considered is total tumor volume. We have advocated the 10-J total skull absorption energy concept to ensure the safety of Gamma Knife irradiation in a single session. 13 Within these limits, none of our patients experienced acute brain swelling. If the total skull absorption energy exceeds 10 J, we divide GKS into 2 or 3 sessions with less than 10 J per procedure. Multisession GKS or GKS combined with WBRT should be considered for BSBM 2 or 3 patients with large total tumor volumes.
The final parameter considered is MRI findings of MD. In general, we did not treat patients in whom obvious findings of nonlocalized MD involving more than a few gyri or sulci were shown on routine enhanced MRI (5-mm slice thickness) within 1 week before GKS treatment. However, when using 2-mm slice thickness 1.5-T MRI for dose planning, we occasionally recognized MDs involving one gyrus or sulcus. These localized MDs can often be controlled with GKS alone.
The modified BSBM system has a few limitations. Golden et al. 4 recommended the development of grading systems specific to primary lesions because favorable prognostic factors vary according to the original tumor. Recently, Sperduto et al. 17 modified their original GPA system 16 and developed a new index, the diagnosis-specific GPA. Our new index, the modified BSBM, is only applicable to lung cancer, especially non-small cell lung cancer, because the majority of patients in this study (56.5%, 1604 patients) had non-small cell lung cancer. The modified BSBM failed to reach statistical significance for cancers of the gastrointestinal or urogenital tract and the breast, probably because the patient numbers of each BSBM class according to these cancer categories were too small. Furthermore, the recent development of molecular targeting agents will change survival durations, as well as neurological outcomes, if such agents are small enough to pass through the blood-brain barrier. In the future, we may need to establish a diagnosis-specific grading system that can predict life expectancy and neurological outcomes independently.
Our new modified BSBM appears to be uniquely useful for predicting neurological outcomes, such as preservation of neurological function and prevention of neurological death, independently of life expectancy in patients treated with GKS. Validity tests for other groups treated with GKS or other SRS devices are needed, and the modified BSBM should be considered when designing future clinical trials involving brain metastases treated by SRS, especially GKS. The cost of all SRS procedures for brain metastases are now reimbursed by the national health insurance program in Japan. In the future, this grading system may be used to authorize or deny such treatments for individual patients.
Conclusions
Our new grading system, the modified BSBM, can predict neurological consequences, such as maintenance of neurological function and prevention of neurological death, as well as life expectancy, independently of each other.
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